
The Challenge!	


  Eν via QE hypothesis	


	


             Red true δ = + π/2	


             Red reconstructed	


           Black true δ = - π/2	


           Black reconstructed	



  GiBUU transport model	



  Excellent – we know how 
to unfold back to the “true” 
distributions, right?	
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FIG. 1: (Color online) Event distributions per nucleon for electron appearance in the LBNE for �CP = +⇡/2 and �CP = �⇡/2
(upper red and lower black curves, resp.), both for true (solid) and reconstructed (dashed) energies. The upper part gives the
results for 0 pion events, the lower that for events with 0 pions, 1 proton and X neutrons (from [14]. )

error in the determination of the neutrino energy, which is not known for the non-monochromatic neutrino beams
[13]. The primary distributions from such 2p-2h processes will be heavily distorted by final state interactions and,
therefore, model discrimination would require a high precision and considerable improvements in the understanding
and simulation of such reactions.

Indeed, more so than in any other nuclear physics experiment - with the possible exception of ultrarelativistic heavy-
ion collisions - neutrino long-baseline experiments necessarily require the use of neutrino generators, i.e. nuclear physics
based descriptions of the full final state of the neutrino-nucleus reaction, in order to extract the relevant physics from
the raw data. The precision with which neutrino properties can be extracted from long-baseline experiment is clearly
a↵ected (and limited) by the quality of the generator used. ‘Quality’ here applies both to the physics content as well
as to the numerical implementation. Since all modern and planned long-baseline neutrino experiments use nuclear
targets, it is important to realize that a relevant fraction of the final-state particles are produced in secondary collisions
in the nuclear medium. The need for a theoretical framework and generator, that incorporates our present knowledge
of interactions of leptons with nucleons and nuclei, is then obvious.

A particularly interesting example of the impact of nuclear e↵ects on neutrino energy reconstruction can be illus-
trated with the sensitivity of the oscillation signal to the presence of a non-vanishing CP -violating phase �CP . This
is shown in Fig. 1 for the two extreme cases �CP = ±⇡/2; here the neutrino flux expected for LBNE has been used.
For such a measurement, a subset of 0 pion events is experimentally often chosen to suppress the pion production
events which constitute a major background at LBNE energies. For �CP = �⇡/2 the minimum at around 1.5 GeV
has nearly completely disappeared in the distribution of reconstructed energy for these 0 pion events in the upper
part of Fig. 1; The di↵erences between the event distributions for true and reconstructed energy are particularly large
to the left of the main peak. However, the further restriction of the event sample to 0 pion, 1 proton and X neutrons
changes this picture dramatically (see lower part of Fig. 1). Now again the true and reconstructed curves have a very
similar structure with a shift of only about 100 MeV. The accuracy of the energy reconstruction has thus significantly
been improved by a proper choice of events. The results shown in Fig. 1 were obtained by using nuclear transport
theory, that has proven its value in other branches of nuclear physics [15], to model neutrino interactions in argon.

The neutrino generators usually used by experiments have grown historically into a collection of, often undocu-
mented, physics recipes and still contain outdated physics modeling. Furthermore, they are mostly black boxes and
are not on the same state-of-the-art as the nuclear equipment for neutrino experiments is. It should, furthermore,
be noted that there are several di↵erent event generators in use that would give di↵erent reconstructed distributions
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!WG#3!&!Neutrino!Interactions!Session!
!
8:30-8:40    Introduction  (Garvey-Morfin) 
8:40-9:10   Nuclei-Nuclear QE and Resonance Formation, –  
    (Emphasis on Ar) (Joe Carlson) 

 9:10-9:35  Relativity and FSI   (Bill Donnelly) 
9:35-10:05  Current Experimental Results and generator predictions    
    (Phil Rodrigues) 
10:05-10:25  Discussion with coffee: nuclear models and current data  
10:25-11:05      Event Generators: initial states and FSI   (Steve Dytman) 
11:05-11:35  Future LAr neutrino interaction program - (Flavio Cavanna) 
11:35-12:05  Future Fine-grained neutrino interaction program     
    (Jeff Nelson) 
12:05-12:30  Discussion and Bullet Formulation 

!
!

Preliminary List of Bullets 
 

The Neutrino-Nucleus Interaction is the least understood component of a detector’s 
response to neutrinos. 
 
Improvements of the nuclear model from the theoretical side are essential and rapidly 
incorporating these improvements in event generators is equally important.  This is 
best accomplished via a collaborative HEP and NP effort. 
 
The current experimental neutrino interaction program at FNAL including efforts to 
better characterize the neutrino flux should be supported to their conclusion. 
 
The critical role of event generators in taking nuclear models and producing 
experiment-dependent predictions needs to be emphasized and more resources 
devoted to keeping them widely available, accurate, transparent, and current. It is 
critical to benchmark the generators against both accelerator-based neutrino-nucleus 
interaction measurements and, via a collaborative HEP and NP effort, e-nucleus 
interaction measurements.   

 
 Future neutrino interaction measurements are needed to extend the current program of 

GeV-scale neutrino interactions.  Current and future long-and-short-baseline neutrino 
oscillation programs should evaluate what neutrino nucleus interaction data is required 
to meet their ambitious goals and support experiments that provide this data. 
 



Well …. maybe not!���
Phil Rodrigues and Steve Dytman	



  GiBUU prediction for MiniBooNE π+ and π0 distributions	


  Predictions without Final State Interactions fit best!	



	


	



  No single model in current event generators (GiBUU, GENIE, 
nuWRO, NEUT) can fit the current data set.  Address the 
situation	
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“Final state interactions” have a large e�ect on observed particle
identity and kinematics

GiBUU MiniBooNE CC1⇡+
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Generators and theory sometimes disagree

5 February, 2015WINP8

` Compare GENIE and GiBUU with MiniBooNE NC S0 data.
` Even noFSI calculations have large disagreement!

` Nuclear model, NC S0 xs?



Models of the Nucleus ���
Joe Carlson and Bill Donnelly	



  There are already models of the nucleus that give far better agreement for inclusive 
reactions than what currently exists in event generators.	



  Getting these models installed in the generators is a demanding effort requiring 
significant community effort.	



  Any model that does not succeed for electron scattering is very unlikely to be valid 
for neutrino reactions. 	



  Relativistic effects from kinematics and boost factors are essential for NuMI and 
LBNF  experiments. 	



  For inclusive reactions FSI in both initial and final states are significant and naïve 
models such as the RFG fail at the 25% level or so to reproduce the data. 	



  MEC effects are significant (and should be modeled relativistically). 	


  While the models discussed here are good for inclusive scattering, they are not 

suited to even semi-inclusive scattering and will require a large nuclear 
phenomenological effort. 	
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Future Neutrino Interaction Program���
Flavio Cavanna and Jeff Nelson	



  A rich program of neutrino interaction experiments in the near and intermediate 
future:	



  LAr Program: 	


  Highest resolution & Extra Large Statistics LArTPC Data in the few hundred 

MeV to few GeV energy range, using the Booster & the NuMI beams are 
expected from the “present” and “Intermediate” LAr neutrino program at 
FNAL  (MicroBooNE, LAr-ND, ICARUS-T600 and Captain-SBN/Captain-
Minerva, respectively ) 	



  Sampling Detector Program: 	


  MINERvA ME Physics Program	


  NOvA Near Detector Program	


  T2K	


  CAPTAIN-MINERvA	


  nuPRISM	


  ANNIE	
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The View From Oscillation Experiments ���
Elizabeth Worcester	



  Cross-section and nuclear models:  Beyond current uncertainties 	


  Basic strategy is to compare observables among alternative cross- section and 

nuclear-interaction models in GENIE 	


  Comparison with data (MINERvA, NOvA-ND, T2K-ND280, μBooNE, 

LAr1-ND, T600, ...) 	


  Comparison with alternative generators (NuWro, GiBUU) 	


	



  Requires support for and close collaboration among model 
builders, developers of event generators, cross-section 
experiments, and ELBNF. 	
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Current Summary Bullets	



  The Neutrino-Nucleus Interaction is the least understood component of a 
detector’s response to neutrinos.	



  Improvements of nuclear models by nuclear theorists are essential. This can most 
efficiently be accomplished with additional financial support of NP theorists.  
Rapidly incorporating these improvements in event generators is equally important 	



  The current experimental neutrino interaction program (MINERvA, NOvA-ND, 
MicroBooNE, T2K Near Detector) continues to provide important data and should 
be supported to its conclusion.  This includes efforts to improve the precision with 
which the neutrino flux is known. 	



  The critical role of neutrino nucleus event generators needs to be emphasized and 
more community resources devoted to keeping them widely available, accurate, 
transparent, and current. It is critical to benchmark the generators against both 
accelerator-based neutrino-nucleus interaction measurements and, via a 
collaborative HEP and NP effort, electron-nucleus interaction measurements.  For 
example, expanded use of the existing Jefferson Laboratory data set could bring 
significant insight.	
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Current Summary Bullets	


  Future neutrino interaction measurements are needed to extend the current 

program of GeV-scale neutrino interactions.  The feasibility of a high-statistics 
deuterium experiment should be considered.  Current and future long-and-short-
baseline neutrino oscillation programs should evaluate what additional neutrino 
nucleus interaction data is required to meet their ambitious goals and support 
experiments that provide this data 	



	


  Measurements and theoretical work are needed also to characterize neutrino 

interactions in the low energy regime (<100 MeV). This regime is especially 
relevant for core-collapse supernova neutrinos, and understanding is essential for 
development of future underground detectors.   This is also an area for which 
collaboration with NP will bring in critical expertise.	
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Emphasis on Collaboration between NP Theorists, Event Generator 
Collaborators and Neutrino Experimentalists ���

NuSTEC	


  Generators: Coordinate theorist-experimentalist collaborative 

efforts to improve generator(s).	


	



  Global Fits: Combine results from multiple experiments – not only 
neutrino - to compare/adjust with a theory/model framework.	



	



  Training: Organize/Run a a generator and neutrino-nucleus 
scattering physics Training Program	


  Generator School: May 2014 at Liverpool	


  Nuclear Physics Training: Fermilab October 2014	


	



  Workshops: Organize Community-wide Workshops when needed.	
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Attempt to form an NP theorist - HEP experimentalist 
collaborative effort to get improved models in generators	



  A program of research improving the modeling of neutrino-nucleus scattering 
using quantum Monte Carlo (QMC) techniques by a collaboration of NP-
theorists and HEP neutrino experimentalists with the practical goal of 
producing an accurate description of neutrino-nucleus interactions in neutrino 
event generators. 	



  Request support for postDocs to work with the theorists – FOA? 	
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White paper – Neutrino-Nucleus Interactions Collaboration

A. Lovato a, S.C. Pieper a, and R.B. Wiringa a

J. Carlson b and S. Gandolfi b

R. Schiavilla c,d

S.J. Brice e, J.G. Morf́ın e, G.N. Perdue e, G.P. Zeller e

aPhysics Division, Argonne National Laboratory, Argonne, IL 60439

bLos Alamos National Laboratory, Los Alamos, NM 87545

cThomas Je↵erson National Accelerator Facility, Newport News, VA 23606

dPhysics Department, Old Dominion University, Norfolk, VA 23529

eFermi National Accelerator Laboratory, Fermilab, Batavia, IL 60510

(Dated: October 17, 2014)

This white paper highlights the need for a program of research improving the mod-

eling of neutrino-nucleus scattering for neutrino oscillation experiments and proposes

a Neutrino-Nucleus Interactions Collaboration (NNIC) to carry out this work using

quantum Monte Carlo (QMC) techniques. The proposed research activity will also

significantly advance the theory of nuclear structure and dynamics as it brings in

a comparison with neutrino-nucleus scattering to complement the electron-nucleus

scattering that has historically been used. The four national labs in this proposal

have distinct roles in developing the theory and in connecting it to neutrino data.

The practical goal of this nuclear theorist/neutrino experimentalist collaboration is

an accurate description of neutrino-nucleus interactions for use in neutrino event

generators. Funds are requested to support postdocs, a small annual workshop, and

a long-term visitor program.

I. NEUTRINO-NUCLEUS INTERACTIONS FOR HEP EXPERIMENTS

A principal emphasis of the domestic high-energy physics experimental program is un-

derstanding properties of neutrinos. New experiments endorsed in the recent report of the

P5 sub-panel of HEPAP would amount to an expenditure on the order of a billion dollars


